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The mechanism and temporal manifestation of functional milrai
regurgitation after acute myocardial Ischemla were examined in
eight dogs
. Regional ischemia war produced by selective micro.
embolimtion of the Icft circumnex coronary artery. Mifral regur-
gitatiun and regional ten ventricular wall notion abnnrntalitiei
were evaluated with use of Dopptlr color flow mapping and
two-dimensional echocardiography, respecdvelp . Measurements
were made at base)®e (berate embolizatktnl and were repeated at
30 min and 3 weeks after emhoiirapon .
Viral regurgitation developed in all dogs 30 min after eraleo-
Itzation and comphteb subsided 3 weeks later . There was e a
evidence of mitral valve prolapse, mitral smulus dlrli,a at tkn
ventricular segmental dyskinesia at any time daring the nudy .
Regional wall motion analysis slowed only hyligianesia, or the left
ventricular segment overlying the papillary mmete at 30 min with
Functional mitral regurgitation can develop as a conse
quence of regional myocardial ischemia. Several mecha-
nisms have been proposed to explain this phenomenon but
the precise etiology of mitral regurgitation remains unclear .
Mitral regurgitation was suggested (1,2) to result from isch-
emia or infarction of the papillary muscles leading to mitral
leaflet eversion or prolapse into the left atrium . Alterna-
tively, incomplete coaptation of the mitral lea lets was
suggested (2,3) to be the result of disturbances of left
ventricular geometry produced oy regional wall motion
abnormalities such as dyskinesia . Angiographic studies (4 .5)
have shown that mitral regurgitation can develop in the
presence of mitral valve prolapse, thus supporting the pos-
sible occurrence of the first of these two hypotheses . How-
ever, angiography is poorly suited to examine the displace-
ment of the mitral leaflets toward the fell ventricular apex
and therefore is not useful for addressing the alternative
mechanism .
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subsequent normalization of the segment at 3 weeks . MItenI
regurgitation was accompanied ly an Increase of the end iymolie
distance between the mitral anulus plane and the pulse of coap-
cation of the moral leaflet - This dfusnce was 0.5 ± 0 .1 cm at
baseline, increased to 0
.9 t 0.1 cm 30 min after the a holizatton
Ip c 0.001) and returned to near baseline (0 .11 t Ql cut) 3 weeks
after the embolitatiun
.
These data indicate that mitral valve prolapse, mitral anedus
dilation and regional left ventricular dyskinesia are not necessary
conditions rot the development of functional mitral regorg lobo,
after acute my-rdiat iuhenda. Instead, hypokfnesia of the
ventricular segment overlying the papillary muscle and leading to
retraction of the mitral leaflets toward the apex appears to be a
nuthcfent condition foe incomplete lesno coaptation.
(1
Am Call Cordial 1992;19a10l-5)
In n2 patients with prior myocardial infarction and de
nova mural regurgitation. Godley et al . (6) used echocar-
diography to demonstrate the presence of dyskinesia of the
left ventricular segment overlying ''he papillary muscle, thus
providing objective evidence for the alternative mechanism
of functional rmtral rcbavgilalion . To further elutadate the
mechanism of functional mural rcgwgilation during acme
myocardial iscbemia, we examined the temporal relation
between regional wall motion abnormalities that mew dur-
ing acute myocardial ischemia and nabsequeet recovery and
the development of functional mitmi regurgilatten .
Methods
Acute myocardial ischemia- Studies were performed on
eight healthy closed chest anesthetized mongrel dogs weigh-
ing between 2t and 35 kg- The study was approved by the
Henry Ford Hospital Care of Experimental .Animals Com-
mittee. Acute myocardial ischemia was produced durrg
cardiac catheterization by inteacoronary emholization with
microspheres. Dogs were anesthetized with an initevencns
injection of 0.1 mg/kg body weight Inxovar-Yet (dtoperidul,
2 mg/kg
. and fentanyl citrate, 0.04 mg/kg) followed by an
intravenous injection of sodium pentobarbital (7.5 mgikg) . In
each dog, the left circumflex coronary artery was selectively
0715.1arrovs5.013
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catheterized and embolization was produced with polysty-
rene latex microspheres 1Polyscienees)
. Microspherec are
available in 5-ml vials containing deiunized water wilh 2 • .5%
solid by volume . Each milliliter of solution contained hp-
proximately 4 x 101 particles. The particle diameter ranged
between 77 and 102 µm . The microsphere solution . 2 ml, was
injected under flueroscapic control into the Itfl circumflex
coronary artery in each dog .
Echocardiographic measurements . Two-dimensional
echocardiographic studies were performed with a Hewlett-
Packard model 77(120A ultrasound imaging system with a
2 .5-MHz transducer- All Pc!tocardiuglapitic nwasurements
were made with the dog placed in the right lateral decubims
position
. Echocardiograms were recorded on a Panasonic
recorder for subsequent evaluations . Mitral anulus diameter
was quantitated by using the average
of
three measurements
obtained from three separate echocardiographic projections :
a parasternal long-axis view and apical two- and four-
chamber views . The mitral anulus diameter was measured
during diastole just before atrial contraction and during
mid-systole. These iwo measurements were chosen because
the mitral anulus diameter is maximal and minimal at these
respective times during the cardiac cycle 17) . The three
echocardiographic projections were also used to determine
the presence or absence of mitral valve prolapse . The leaflets
were considered to prolapse if a portion of one or both
leaflets oveted into the left atrium . crossing the plane of the
atdioventricular (AV) ring, during systole 161. The apical
four-chamber view was used to calculate the perpendicular
distance between the point of coaptation of the mitral leaflets
and the mitral anulus plane at end-systole (Fig . IA). An
increase of this distance relative to baseline was used as an
indicator of retraction of the mitral valve leaflets toward the
left ventricular apex (8) .
Global left ventricular function and regional wall motion
analysis . The echocardiographic apical four-chamber view
was used to quaa :itate global left ventricular function . Left
ventricular end-diastolic and end-systolic volumes were cal-
culated with use of the area-length method (91 . Ejection
fraction was calculated as the difference between end-
diastolic and end-systolic volume divided by end-diastolic
volume times 100 .
Regianal left veeae!rular a•al7 unutiou ,uheormnliries were
quantitated by using the short axis view at the Icacl of the
papillary muscle (8,10) . The endocardial tracings were
drawn so as to include the papillary muscles inside the
outlines as shown in Figure I B
. For a given endocardial
outline, the center of each papillary muscle was visually
determined
. A line was then drawn between these two points
and a second line was drawn perpendicular to the first to
divide the endocardial outline into two equal areas (8) . The
equal division of the ventricular endocardial outline was
confirmed by planinietery . A third line was drawn perpen-
dicular to the second line to divide the endocardial outline
into two equal areas also verified by planimetery
. This
method was applied independently at both end-systole and
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Figure 1 . Schematic representations of (wo-dimensional echocar-
diograms tram a dog . A. Apical fourchamber view demonstrating
the perpendicular distance ID) betwcea the coaptalion point of the
mitral vales
le-alicts and the mitral anulus plow. B, Short-axis view
al the Ievel of the papillary nwsdes showing quadrant A eacam-
passing the anterolateral papillary muscle and quadrant P encom-
passing
the posleramedial papillary muscle . Quadrant A, consisting
ofIheenlerolelsre wailI
•4LW)andposrerelatctalwalltPLWIofthe
ten ventode I LV
I .
and
quadmnl P.
consisting of the infempcsierior
wall (IPW) and the infcrier wall (1W
I
of the left ventricle, were used
to calculate the regional fractional area of shortening. AW
=
anterior wall : LA = left atrium: RA = right atrium: RV = right
ventricle .
end-diastole
. The area of each of the two posterior quad-
rants, labeled P and A in Figure 16, were determined at
end-systole and end-diastole with the use of computer-
a.ssisted outline digitization . Quadrant A included the antero-
lateral and posterolateral left ventricular wall segments
overlying the anterolateral papillary muscle and quadrant P
included the inferoposterior and inferior wall segments over-
lying the posteromedial papillary muscle. In the dog, all of
quadrant P and a large portion of quadrant A including the
posterolateral wall and the anterolateral papillary muscle
receive blood supply from the distribution of the left circum-
flex coronary artery (11)
. The fractional area of shortening of
each of the two quadrants was calculated as the (End-
diastolic area - End-systolic
area)/End-diastolic
area me
100
(8.10) . Hypokinesia was defined as a 20% to 89% reduction
in the regional fractional area of shortening. akinesia was
defined as a 90% to 100% reduction and dyskinesia was
defined as paradoxic outward movement of the left ventric-
ular segment during systole (negative fractional area of
shortening)
.
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Table L Hemodynamic and Echocardiogtapblc Variables
Obtained at Baseline and at 30 Minutes and 3 Weeks After Acme
Coronary Embolization
'P 10.01 . 'P
1
0.001 relative m baseline . D = poependicalar disman
between the coaptmion point of the moral valve cottons and the place of the
mitral valve: DBP = diastolic blond pressure ; EDV =
end-diastolic
volume:
EF=ejectiontraction :ESV=end.syatolicvolume FA5=rracrioaal0reaof
shortening : Ha = hear,
one . L V -- ten veetneular. MAD = mural anodes
diameter. SOP = systolic blood pressure. Quadrants A and P area are as
deoAbed in Figure IB.
Qeantitation of mitral regurgitation . The presence or ah-
sence of functiunal mitral regurgitation -.vas assessed with
Doppler color flow mapping using both an apical two-chamber
view and an apical four-chamber view . In both views . the
severity of valvular regurgitation was quantitated on the basis
of the ratio of the regurgiiant jet area to the area of the left
atrium as previously described 1121 . The severity of the regur-
gitation calculated from each tithe two views was arera¢ed to
obtain a single representative measure of severity .
Data analysis. Data were obtained at three time periods
during the course of the study . namely . at baseline [before
coronary embolization), 30 min after the embolization (acute
phase) and 3 weeks after the embolization (healing phase) .
Comparisons between these three time periods were based
on the Student paired a test using the Bonfesoni eorreutiun
for multiple comparisons
. With this correction, a p value of
0.017 was considered significant. Ali data are reported as the
mean values ± I SD. Correlations obtained during the acute
phase (30 min after embolization) were based on linear
regression analysis .
Results
Hemodynamic and echoeardiographic findings at baseline
and during the acute and healing phase (Table 1). Mitral
valve prolapse was not present at any time during the course
of the study
. Similarly, there was no cchocardiographic
evidence of mitral anulus dilation . At baseline. Doppler
color flow studies showed no mitral regurgitation in any dog .
ALL eight dogs developed functional mitral regurgitation
during the acute phase (31) min after embolization) . The
severity of
the regurgitation ranged between 10% and 34%
(mean 21
.
10%). In every instance, the regurgitant jet was
eccentric and was directed toward the pusterumcdial wall of
50
4,07
50
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Flt-2. Relaiionbetweentheseverityofmitralregurgitation (01st
determined by Doppler color row mapping and the normalized
distance ID). where DW is the distance at 30 min after ombulieation
and D„ is ISo distance at baseline .
the left atrium . Doppler studies obtained 3 weeks alter the
embolization )healing phase) showed complete disappear-
ance of the mitral regurgitation.
The development of mitral regurgitation during the acute
phase was associated with an increase of the perpendicular
distance between the point of coaptation of the mitral valve
leaflets and the mitral anulus plane . This distance was 0.5
.
D,l cm at baseline and increased to U .9 - U
.i cm during the
acute phase (p < 0.001) . The disappearance of mitmt regur-
gitation at 1 weeks after the erebelization was associated
with a return of the distance to near baseline length 10 .6
,
0 .1 cm).
Global kht rentricutar f oretidn and regional wail motion
abnormalities (Table 1). Left ventricular end-diastolic vol-
ume increased from 61 ± 7 m) at baseline to 70 ± 9 ml durrng
the acute phase (p - 0 .01) and end-systolic volume increased
from 32 x 4 ml to 44 x S ml (p < 0.0011. Both the
end-systolic and
end-diastolic
volume, however, returned to
baseline values 3 weeks after the embolization . Left ventric-
ular eiection fraction decreased during the acute phase and
also returned to near baseline levels 3 weeks after the ambo-
lization
. Regional wall motion abnomtalities that involved the
left ventricular segment overlying both papillary muscles were
evident 30 min after embolization of the left circumflex coro-
nary artery . The fractiatrat area of shortening of the wall
segment overlying the anterolateral papillary muscle decreased
from 52
.
3% at baseline to 37 ± 8% at 30 min after
embolization (p < 0.01) but tended to normalize at 3 weeks
after the embolization (47' 4%). Similarly, the fractional area
of shortening of the left ventricular segment overlying the
posteromedial papillary muscle also decreased from 52 ± 4% at
baseline to 37 ± 7% during the acute phase (p < 001) and also
tended to normalize at 3 weeks (47 ± 4%)
.
During the acute phase. a direct linear relation was
observed between the severity of mitral regurgitation and the
distance (D) between the point of coaptation of the mitral
valve leaflets and the mitral anulus plane normalized to
baseline (r = 0.92) (Fig. 2). The severity of valvular regur-
Baseline Bo Min mr, Weak,
Hit lbeatsrminl a5 123 114 z 40 ' 84 t 16
SUP ImnnHp 11h-1h 1117011 114015
DBP tram Hgl 89 t 16 or e 9 91 m N
LVEoV(rob 61 n7 7009' 10nl
LV E9V (all) 32 a 4 44 i N' 31 e 5
LVEFfAl 4h'4 011 6' 4704
FAS of quudram .A 1%1 52 1 3
1
a"
47 a
FAS of quadrant P (1h l 52 0 4
27 t 7' 47 a
D,0.",DIorn
eieotat:u MAD ICm1
11500.1
'_ 0.2
09`u .Ir
2 .7 _ 0 .2
0.6
. 1 0.1-
SyvotICMADIem1 2 .4_02 2 .4501 2,1>02
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Figure 3
. Relation between the severity of mitral regurgitation WK)
determined by Doppler color flow mapping and 1 he fractional area of
shot leningWAS) of left ventricular segments A IAI and B Oils hown
in Figure III .
gitation was also directly related to both the fractional area
of shortening of the left ventricular segment overlying the
anterolateral papillary muscle
(r
= 0.90) and the segment
overlying the posteromedial papillary muscle (r = 0.94) (Fig .
3, A and B) . A direct linear relation was also observed
between the fractional area of shortening of the left ventric-
ular segment overlying the anterolateral and posteromedinl
papillary muscles and the normalized distance D
. The cor-
relation coefficients were 0
.94 and 0,92, respectln •l y .
A poor
correlation was observed between the severity of mitral
regurgitation and left ventricular end-diastolic (r = 0 .01) and
end-systolic (r = 0 .44) volumes.
Discussion
Functional mitral regurgitation in the selling of acute
myocardial ischemic . It has been proposed that mitral regur-
gitation results from I) failure of the papillary muscles to
contract normally, leading to mitral valve prolapse (1,2) ;
2) increased systolic mitral mobs size
(13); and 3) distur-
bances of left ventricular geometry as a result of regional
dyskinesia (t-3)- The results of this study suggest that
regional dyskinesia of the ventricular wall, mitral valve
prolapse and mitral annular dilation are not necessary con-
JACC VA 19
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ditions for the development of functional mitral regurgita-
lion . Instead, changes of left ventricular geometry due to
regional hypokinesia of the left ventricular segment overly-
ing the papillary muscles am a sufficient condition for the
development of mitral regurgitation .
The ralidity of this canrltrsion is suoprwled by several
(oldfey.ct p Mitral regurgitation developed in association
with hypokinesia of the left ventricular segments overlying
the papillary muscle
. 2) Normalization of the hypokinetic
segment 3 weeks after the acute ischemic insult was associ-
ated with the disappearance of functional mitral regurgita-
tion
. 1) The severity of the mitral regurgitation was directly
related to the extent of hypokinesia that ocean ad as a result
of the ischemic insult .
Regional hypokinesia and functional mitral regurgitation .
The mechanism by which regic,,nl left ventricular hypokine-
sia can ,romote (he development of mitral regurgitation is
identical to that previously described in the presence of a
dyskinesic ventricular segment (6) . Regional wall motion
abnormalities suds as hypokinesia. akinesia and dyskinesia
produce distortion of systolic left ventricular geometry .
Changes in The configuration of the left ventricle as a result
of these wall motion abnormalities can
affect
the position of
one or both papillary muscle groups and may result in an
inadequate support for the mitral valve leaflets, leading to
mitral ;regurgitation 13)
. Echocardiograms obtained during
the acute ischemic episode (30 min after embolization)
showed a significant increase in the perpendicular distance
(D) hetween the coaptation point of the mitral valve leaflets
and the plane of the mitral valve . The increase of this
distance indicates failure of one or both mitral leaflets to
much the normal position relative to the plane of the AV ring
during systole . ']'his interpretation implies that the leaflets
were effectively arrested within the left ventricular cavity,
producing a pattern suggestive of incomplete mitral valve
closure (6) . This interpretation is further supported by the
direct relation observed between the distance D and the
severity of functional mitral regurgitation.
Role of papillary muscle dysfunction
. The possibility ex-
ists that abnormal systolic function of the papillary muscles
alone as a result of ischemia could have contributed to the
development of functional mitral regurgitation. However,
experimental data suggest that lass of papillary muscle
function alone, without dysfunction of the subjacent left
ventricular wall, is not sufficient to produce abnormal mitral
leaflet closure 114-161. These long-term studies (14-16) in
dogs with papillary muscle infarction . produced by placing
ligatures at the base of papillary muscle, selective injection
of one or both papillary muscles with 1091 forrnalin or
cryoablation of the papillary muscle, did not show the
development of mitral regurgitation. In two of these animal
studies (14,15) in which injury to the overlying ventricular
wall was produced in addition to the injury produced to the
papillary muscle. T,itial regurgitation was observed . The
observations in these animal studies are supported by stud-
ios in patients . Godley el al, 16) examined the association
JACC Vol. 19. Nn. 5
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betweenp mitral regurgitation and papillary muscle dysfunc-
Lion in patients with trio, myocaielial mtarcbon and clinical
evidence of papillary muscle dysfunction . Among 23 of 24
patients with echocardiugraphic evidence of incumpktc clo-
sure of the mitral valve . dyskinesia of the left ventricular
wall overlying the papillary muscles was observed .
Additional ersnsiderattnns. In the prevent study . the de-
velopment of regional hypokinesia and mitral regureilation
were associated with a significant increase of left ventricular
end-systolic and end-diasicoc cavity volumes . However, no
relation was observed between left ventricular volume and
the se erity o
f mitral regurgitation, An in
c ire revity
size alone does not appear to result in functional mitre ;
regurgitation unless uccompanicd by distortion of left ven-
tricular geometry (17) . We also observed a substantial re-
covery of regional left ventricular wall motion abnormalities
3 weeks after the acute coronary embolization . The exact
mechanism of this recovery is not known . It is very likely
that only limited myocardial injury was produced by the
single microspherc injection used in this study
. We have
previously shown (18) that several emhotizations of this
nature arc needed to produce lasting left ventricular wall
motion abnormalities Recovery of ischemic but viable myo-
cardium ("stunned myocardium') appear, or present to he
the most likely explanation for the improvement
it.. regional
function observed at 3 weeks after the embolization .
Conclusions
. Our results suggest that the development of
functional mitral regurgitation in the setting of acute regional
ischemia is not conditional on the presence of mitral valve
prolapse, mitral amine dilation or regional dyskinesia or the
left ventricular wall . Instead . distortion of left ventricular
geometry because of
regional hypokinesia alone appears to
be a sufficient condition for the development or functional
mitral regurgitation, Hypokinesia of
the
left
ventricular wall
overlying the papillary muscle promotes Initial regurgitation
in a similar fashion as dyskinesia, namely, by retraction of
the mitral valve leaflets toward the left ventricular apex
during sysiole, leading to incomplete leaflet closure .
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